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HIGHLIGHTS

« High ATM phosphorylation correlates
with poor radiotherapy response in
patients with colorectal cancer.

« ATM inhibition amplifies radiation-
induced ROS accumulation and
mitochondrial damage, activating the
STING pathway.

« The combination of radiotherapy and
ATM inhibition boosts CD8+ T cell
recruitment and activation.

« ATM inhibition mitigates radiation-
induced PD-L1 upregulation via the
NEMO/NF-xB pathway, enhancing
immune responses.

« A novel combination of radiotherapy,
ATM inhibitor, and PD-L1 blockade
enhances tumor regression and
survival.
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GRAPHICAL ABSTRACT

Proposed working model of targeting ATM for enhancing the radiation sensitivity of colorectal cancer.
Targeting ATM increased IR-induced ROS levels, which not only triggers apoptosis but also aggravates
mitochondrial damage, and facilitates cytosolic mtDNA-induced STING type-I IFN signaling. Activation
of this pathway enhances the overall radiation response by boosting antitumor immune responses,
thereby improving the effectiveness of radiation therapy in treating CRC.
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ABSTRACT

Introduction: The efficacy of radiotherapy in colorectal cancer (CRC) is often limited by radiation resis-
tance. Ataxia telangiectasia mutated (ATM) is well known for its role in repairing double-strand DNA
breaks within the DNA damage response (DDR) pathway. However, whether ATM mediates other mech-
anisms contributing to radiation resistance remains insufficiently investigated.

Objectives: This study investigates how targeting ATM enhances CRC radiation sensitivity and evaluates
combination strategies to improve radiotherapy outcomes.

Methods: Clinical specimens were analyzed to correlate ATM activation with radiotherapy response.
Functional assays, including EdU, cell viability, clonogenic survival, and apoptosis assays, were used to
assess the impact of ATM inhibition on radiation sensitivity. Mechanistic insights were gained through
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RNA-seq, RT-qPCR, western blotting, ELISA, immunofluorescence, flow cytometry, ChIP-qPCR, and co-
immunoprecipitation. In vivo efficacy was evaluated using subcutaneous tumor models in nude, BALB/
¢, and C57BL/6] mice.

Results: High ATM phosphorylation levels correlated with poor radiotherapy response in CRC patients.
ATM inhibition enhanced radiation sensitivity in both in vitro and in vivo models. Mechanistically,
ATM inhibition increased radiation-induced ROS accumulation and mitochondrial damage, leading to
the release of mitochondrial DNA (mtDNA) into the cytosol and activation of the STING-type I interferon
pathway. This enhanced CD8+ T cell infiltration and boosted antitumor immunity. Additionally, ATM
inhibition partially alleviated the radiation-induced upregulation of PD-L1, likely through the ATM/
NEMO/NF-xB pathway. Notably, triple therapy combining radiotherapy, an ATM inhibitor, and anti-
PD-L1 achieved superior tumor control and remission in mouse models, including large, treatment-
resistant tumors.

Conclusion: Targeting ATM enhances radiation-induced tumor cell death and boosts antitumor immune
responses, offering a promising strategy to overcome CRC radiation resistance. The synergy of radiother-
apy, ATM inhibitior, and immune checkpoint blockade highlights a novel therapeutic approach for CRC
management.

© 2024 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Colorectal cancer (CRC) remains one of the leading causes of
cancer-related morbidity and mortality worldwide [1]. Radiother-
apy (RT) is a cornerstone in the treatment of locally advanced rec-
tal cancer and serves as a palliative option for advanced CRC.
However, the efficacy of RT is often limited by tumor resistance
to ionizing radiation (IR) [2]. A critical factor in this resistance is
the activation of DNA damage response (DDR) pathways, which
repair DNA damage to maintain cellular viability and genomic sta-
bility upon IR exposure [3]. Central to these pathways is the Ataxia
telangiectasia mutated (ATM) protein, a serine/threonine kinase
encoded by the ATM gene. ATM becomes activated through
autophosphorylation at Ser1981 upon DNA double-strand breaks,
initiating a phosphorylation cascade that leads to DNA repair and
cell cycle checkpoint responses [4]. ATM is well-known for its role
in repairing double-strand DNA breaks. However, its additional
functions and interactions with other signaling pathways after
radiation activation remain areas for further exploration.

The effectiveness of radiation is influenced not only by direct
DNA damage but also by the generation of reactive oxygen species
(ROS), which contribute to indirect DNA damage [6]. Despite grow-
ing interest, the impact of ATM inhibition on ROS levels and mito-
chondrial function in CRC remains unclear. Beyond cellular
damage, radiation can also activate antitumor immunity through
multiple mechanisms. Targeting DDR pathways has emerged as a
promising strategy to enhance these immune responses, with
DDR inhibitors like PARP and ATR inhibitors showing potential in
combination with RT [7]. However, unlike inhibitors targeting
other DDR components, ATM inhibitors have not yet reached
late-stage clinical trials, highlighting their substantial research
potential. The potential of AZD0156, a selective oral ATM inhibitor
[5], to enhance radiotherapy response and its underlying antitu-
mor mechanisms warrant further exploration.

While radiotherapy can activate immune responses, it can also
upregulate PD-L1 expression through various signaling pathways
[8]. The upregulation of PD-L1 may suppress antitumor immunity,
potentially contributing to suboptimal therapeutic outcomes of RT.
Whether radiation-induced activation of ATM regulates PD-L1
expression in tumor cells remains to be clarified.

In this study, we explored the relationship between ATM activa-
tion and radiotherapy response in CRC. Using gene editing and the
ATM inhibitor AZD0156, we demonstrated that ATM inhibition sig-
nificantly enhances radiation sensitivity both in vitro and in vivo.
We propose that AZD0156 amplifies radiation-induced accumula-
tion of ROS and mitochondrial dysfunction, resulting in the release

of mitochondrial DNA (mtDNA) into the cytoplasm. This cytoplas-
mic mtDNA activates the STING-type I interferon pathway, thereby
boosting antitumor immunity. Additionally, we found that
radiation-induced activation of the ATM/NEMO/NF-kB pathway
upregulates PD-L1 expression. Based on these findings, we present
a novel triple therapy combining radiotherapy, ATM inhibitior, and
PD-L1 blockade, which achieves effective tumor control and com-
plete remission in mouse models, including large and treatment-
resistant tumors. This approach offers a promising strategy to over-
come CRC resistance to radiotherapy and improve clinical
outcomes.

Material and methods
Xenograft and allograft mouse models

For the xenograft model, female BALB/c-nu/nu mice (4-6 weeks
old) were provided by Guangdong Medical Laboratory Animal Cen-
ter. Human HCT116, SW480 and SW620 CRC cells (5 x 10°) were
subcutaneously planted in the back of mice. BALB/c mice or
C57BL/6 mice (4-6 weeks old) were provided by the Southern
Medical University Animal Center or Guangdong Medical Labora-
tory Animal Center. Murine MC38 CRC cells (1 x 10%) were subcu-
taneously planted in the back of C57BL/6 mice and murine CT26
CRC cells (1 x 10°%) were subcutaneously planted in the back of
BALB/c mice. When tumors reached the required size for the exper-
iment, mice were randomized into various treatment groups.
Tumors volumes were calculated by formula: length*width*-
height/2 (mm?). Mice were sacrificed when the tumor diameter
reached 20 mm or when the tumor size reached 2000 mm?. The
end point was designated as 4 weeks after the first radiation. The
formula for tumor growth rate is: (V-V0) / VO*100 %, V = Final vol-
ume at endpoint, VO = Volume before radiotherapy.

Mice treatments

Mice received ionizing radiation on days 1, 3 and 5 from the
start of treatment using a linear accelerator (Varian Clinac 23EX
Linear Accelerator) in the Department of Radiation Oncology at
Nanfang Hospital. Mice were given AZD0156 (Selleck, S8375) with
10 mg/kg by gavage at least one hour prior to radiation treatment.
Mice in the blank control group were given PSB treatment. For
STING inhibitor experiment, mice were injected intraperitoneally
with C-176 (Med Chem Express, HY-112906; 5 mg/kg) every other
day. C-176 treatment began in one week before IR and ended one
week after IR. For the PD-L1 blockade experiment, one day after
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radiation, anti-mouse PD-L1 (BioXcell, delivered

intraperitoneally at 200 ug/mouse.

BE101) was

Cell lines

All CRC cell lines were obtained from Guangdong Provincial Key
Laboratory of Molecular Tumor Pathology. Cells were cultured with
RPMI1640 medium (Gibco, USA) in 37°C, 5 % CO, incubator. All cell
lines were supplemented with 10 % fetal bovine serum (Gibco,
USA).

Western blot analysis

Western blot analysis was performed according to standard
methods as described previously [9]. Protein lysates of cells or tis-
sues were prepared by RIPA Lysis Buffer (Beyotime, China) contain-
ing protease and phosphatase inhibitor cocktail (CWBIO, China).
Protein concentrations were determined by NanoDrop (Ther-
mofisher, USA). The primary antibodies and concentrations used
are as follows: Anti-Alpha Tublin (1:1000, proteintech, 11224-1-
AP); Anti-GAPDH (1:1000, proteintech, 10494-1-AP); Anti-
phospho-ATM (Ser1981) (1:500, Bioss, bsm-54103R); Anti-ATM
(1:1000, Abclonal, A1965); Anti-cGAS (1:1000, Abclonal, A8335);
Anti-STING (1:1000, Abclonal, A21051); Anti-Phospho-STING-
S365 (1:1000, Abclonal, AP1199); Anti-TBK1/NAK (1:1000, Abclo-
nal, A3458); Anti-Phospho-TBK1/NAK-S172 (1:1000, Abclonal,
AP1026); Anti-IRF3 (1:1000, Abclonal, A19717); Anti-Phospho-
IRF3-5S396 (1:1000, Abclonal, AP0623); Anti-Phospho-STAT1-Y701
(1:1000, Abclonal, AP0054); Chk2 (1:2000, ABclonal, A19543),
Anti-Phospho-Chk2-T68 (1:1000, ABclonal, AP0590), Anti-Beclinl
(1:2000, ABclonal, A21191), Anti-Phospho-Beclin1-Ser90 (1:100,
ABclonal, AP1254), Anti-MAP1LC3A (1:1000, ABclonal, A12319),
Anti-PD-L1/CD274 (1:1000, proteintech, 66248-1-Ig), Anti-NF-xB
p65 (1:1000, CST, 8242 T), Anti-Phospho-NF-xB p65 (Ser536)
(1:1000, CST, 3033 T). The second antibody and concentrations
used is as follows: Goat Anti-Rabbit IgG (H + L) (1:2000, DIA-AN,
Q1002), HRP-conjugated Goat anti-Mouse IgG (H+L) (1:2000,
ABclonal, AS003). Proteins were detected using ECL luminous fluid
(Tanon, China) and images were captured using the Tanon Imaging
System. Image ] software was uesd for protein quantification.

Stable cell line construction

Lentiviral vectors plasmids was purchased from VigeneBio
(Shandong, China). shRNA (shATM) or short hairpin RNA (shNC)
were transfected into SW480 and SW620 cells to construct the
stable ATM knockdown cell lines. The transfection steps were per-
formed according to provided protocols. Briefly, cells were plated
in 24-well plates and lentiviruses infection was performed when
the cell density reached around 70-80 %. Cells were incubated with
serum-free RPMI1640 medium for 24 h. Then, cells were selected
with puromycin for 7 days and expanded. Knockdown efficiency
was assessed by western blot.

Immunohistochemistry (IHC)

IHC staining was performed according to standard methods as
described previously [9]. Briefly, tissue sections were de-
paraffinized, rehydrated, subjected to antigen retrieval, and incu-
bated with primary antibodies overnight at 4°C. The primary anti-
bodies and concentrations used are as follows: Anti-Phospho-ATM
(S1981) (1:100, R&D Systems, AF1655); Anti-Ki67 (1:800, CST,
9449); Anti-CD8a (1:600, abcam, ab209775). The second antibody
was purchased from ZSGB-BIO (PV-600). The IHC score was
obtained as the product of percentage and intensity of staining.
The percentage of positive cells was scored as follows: 0, no posi-
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tive cells; 1, <25 % positive area; 2, 26-50 % positive area; 3, 51—
75 % positive area and 4, > 75 % positive area. The staining inten-
sity was scored as follows: 0, no staining; 1, weak staining inten-
sity; 2, moderate staining intensity; and 3, strong staining
intensity. The tissue sections were counted or analyzed under
40 x magnification. Five fields of vision were randomly selected
and the average was calculated.

5-Ethynyl-2'-deoxyuridine (Edu) assay

EdU assays were performed using the EdU Cell Proliferation
Assay Kit (RIBOBIO, China). SW620 or SW480 cells were planted
in 96-well plates with 3000 cells/well. After cells had adhered to
the wall (overnight), AZD0156 were added into each well and then
were exposed to IR at a dosage of 6 Gy. Medium was replaced with
new RPMI1640 medium 24 h later. Cell culture was terminated
72 h after IR. The EdU assay procedure was based on the instruc-
tion manuals. The stained cells were observed under the micro-
scope (Olympus, Japan).

Cell counting kit-8 (CCK-8)

For cell viability assays, cells were seeded at a density of 1000-
2000 cells per well on 96-well plates. After cells had adhered to the
wall (overnight), different concentrations of AZD0156 were added
into each well and then were exposed to IR at a dosage of 6 Gy.
Medium was replaced with new RPMI1640 or DMEM medium
24 h later. Cell culture was terminated 48-72 h after IR. Cell viabil-
ity were detected with cell counting kit-8 (DOJINDO Laboratories,
Japan) at 450 nm.

Radiation colony formation assay

Cells were seeded into 6-well plates at a density of 1000, 2000,
4000, 6000 and exposed to IR at a dosage of 0, 2, 4, 6 doses, respec-
tively. AZD0156 were added into each well and then were exposed
to IR at various dosages. Medium was replaced with new
RPMI1640 or DMEM medium 24 h later. Incubation was stopped
after 10 to 14 days. Subsequently, cells were fixed with methanol
for 15 min and stained with crystal violet solution for 30 min.
The image was taken by gel imager (Bio-Rad) and Image ] software
was used to calculate the clone numbers. Plating efficiency (PE)
was used to calculate the survival fraction (SF). PE= (number of
clones /| number of seed cells) x 100 %. SF = (PE of X Gy) / (PE of
0 Gy). The curves were fitted using the Graphad Prism 9.0 software
based on Linear-Quardratic (L-Q) Formulation: SF = e-D(a + BD).
The radiobiological parameters were obtained by the single-hit
multi-target model: SF = 1-(1-e-D/DO0) N.

Flow cytometry of ROS and JC-1

Intracellular ROS and mitochondrial ROS were measured by
flow cytometry. Intracellular ROS levels were detected using the
DCFH-DA fluorescent probe (UElandy, R6033), and mitochondrial
ROS levels were measured with MitoSOX Red reagent (MedChem-
Express, HY-D1055). Both probes were diluted in serum-free med-
ium following the kit instructions. 24 h after radiation, cells were
incubated with the diluted DCFH-DA solution at 37°C in the dark
for 1 h. Cells were then washed twice with serum-free medium
to remove uninternalized DCFH-DA or MitoSOX Red reagent. ROS
and mtROS fluorescence intensity was analyzed by flow cytometry.
Mitochondrial membrane potential changes were assessed using
the JC-1 Mitochondrial Membrane Potential Assay Kit (Solarbio,
CA1310-100). The experiment was conducted 24 h after radiation
and AZD0156 treatment, following the protocol provided by the
kit.
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Transmission electron microscopy

The cells were planted in a dish at 1 x 10° cells/dish for 24 h.
After the addition of AZD0156, radiation treatment was performed.
Cells were harvested 24 h post-radiation in a 1.5 ml EP tube and
then were washed twice in PBS. After centrifugation, the super-
natant was discarded, and 2.5 % glutaraldehyde was slowly added
along the wall to fix the cells. Electron microscopic analysis of sam-
ples was performed at the KingMed Company (Guangzhou, China).

Quantification of cytosolic mtDNA

Cells were permeabilized for 10 min with digitonin buffer
(150 mM NacCl (Biosharp, BL542A) + 50 mM HEPES (Beyotime,
C0217) + 25 pg/ml digitonin (Beyotime, ST1272)) according to
the method reported [10]. The solution was centrifuged at 16,000
g for 25 min at 4°C. A 1:15 dilution of the supernatant was used
for qPCR to detect the MTATP8 and GAPDH expression. The pellet
was used for the extraction of total DNA with the TIANamp Micro
DNA Kit (TIANGEN Biotech). The amount of cytosolic mtDNA in the
supernatant was normalised to the amount of total mtDNA in the
pellet.

RNA sequencing

RNA-Seq was performed to compare the transcriptome profiles
of the IR treatment and IR plus AZD0156 treatment tumors grown
in BALB/c mice, which were harvested on day 14 after radiation.
RNA-seq was performed by Applied Protein Technology (Shanghai,
China). All the samples were sequenced on an Illumina Novaseq
6000 (or MGISEQ-T7) platform.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using an RNA Extraction Kit (Accurate
Biology, China) in accordance with the manufacturer’s instructions.
Reverse transcription used Evo M—MLV Reverse Transcription
Reagents (Accurate Biology, China) by the standard protocol. SYBR
Green Premix Pro Taq HS qPCR Kit (Accurate Biology, China) for
quantitative PCR was performed with ABI 7500 Sequence Detec-
tion System. GADPH was used an internal reference. The level of
mRNA expression was quantified using the delta-delta Ct method.
All primers were purified and synthesized by Huada Company
(Shenzhen, China). Primers sequences are listed in Table S1.

Flow cytometry for lymphocytes

The tumor tissue excised was minced with eye scissors and
incubated in RPMI1640 medium containing DNase I (0.1 mg/ml,
Roche) and Collagenase IV (0.5 mg/ml, Gibco) for 30 min at 37°C.
Then, the cell suspension was filtered with a 70 pm cell strainer
(Biosharp, China). The obtained cell was stained with the indicated
surface antibodies for 30 min on ice, protected from light. For
cytokines staining, cells were incubated with Leuko Actvtn Cktl
with GolgiPlug (eBioscience, USA) for 4 h. Intracellular antibodies
were added after fixation and permeabilization according to the
instructions (BD Biosciences, USA). Labeled cells were analyzed
on a BD LSR Fortessa using BD FACSDiva Software (BD Biosciences,
USA). Compensation and analysis were performed using Flow]o
v10.4.0 software. The antibodies used were purchased from BioLe-
gend: APC anti-mouse CD3¢ Antibody (Cat #: 100312); FITC anti-
mouse CD8a Antibody (Cat #: 100706); PE/Cyanine7 anti-mouse
IFN-v (Cat #: 505826); PerCP/Cyanine5.5 anti-mouse Ki-67 (Cat
#:652424). The concentration of antibody was determined accord-
ing to the manufacturer’s instructions.
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Immunofluorescence (IF)

Cells were seeded into small confocal laser dishes. AZD0156
were added into the confocal dish and then were exposed to IR.
After 24 h, cells were fixed in 4 % paraformaldehyde for 30 min,
permeabilized with 0.5 % Triton X-100, and blocked with goat
serum. Primary antibodies were incubated overnight, and sec-
ondary antibodies were incubated at room temperature for
30 min. The primary antibodies and concentrations used are as fol-
lows: Anti-dsDNA for human (1:50, santa cruz, sc-80772), Anti-
TFAM (1:200, Proteintech, 23996-1-AP), Anti-ATM (phospho
$1987) (1:100, Abcam, ab315019), Anti-PD-L1/CD274 Monoclonal
antibody (1:250, proteintech, 66248-1). The secondary antibodies
and concentrations used are as follows: Goat anti-Mouse Alexa-
488-labeled secondary antibodies (1:200, Bioss), Goat anti-Rabbit
IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor™ 594 (1:800, Invitrogen, A-11037). DAPI (Beyotime, C1005)
was used for nuclei staining and Mito-Tracker Red CMXRos
(Beyotime, C1035) was used for mitochondria staining according
to the manufacturer’s instructions. Confocal microscopy was
performed using an Olympus FV1000 Confocal Microscope.

Construction of rho® cell line

4 x 10° cells were seeded into a cell culture flask and cultured
with complete growth medium until the cells adhered to the sur-
face. The culture medium was then replaced with RPMI1640 com-
plete medium containing 500 ng/mL ethidium bromide, 1 mM
sodium pyruvate, and 50 pig/mL uridine pyrimidine, and the cells
were further cultured for 10 days. The medium was refreshed
and cells were passaged regularly. The successful knockout of
mitochondrial DNA was confirmed by immunofluorescence.

CD8+ T cell chemotaxis assay

Naive CD8+ T cells were isolated from the spleens of C57BL/6
mice using the EasySep™ Mouse Naive CD8+ T Cell Isolation Kit.
The isolated naive CD8+ T cells were then activated with Mouse
T Activator Dynabeads (Thermo Fisher Scientific) and recombinant
Mouse IL-2 protein (R&D Systems, Catalog #: 402-ML) for 10 days.
After activation, effector CD8+ T cells were collected using a mag-
netic plate and resuspended in RPMI1640 serum-free medium.
MC38 cells were pre-seeded in 24-well plates and treated with
radiation (6 Gy) or combined with AZD0156 (4 uM) and NAC
(5 uM). After 8 h, the medium was replaced with fresh, drug-free
medium and cells were further cultured for 24 h. The supernatant
was collected and transferred to a new 24-well plate (lower cham-
ber). A cell suspension containing 2.5 x 10* effector CD8+ T cells
was placed into the upper chamber of a 5 pum Transwell insert.
After 24 h of incubation, the number of cells in the lower chamber
was assessed by flow cytometry.

Flow cytometry for PD-L1 expression

Cells were detached using trypsin without EDTA and washed
three times with PBS. Cells were resuspended in 200 ul PBS, incu-
bated with the PD-L1 antibody on ice in the dark for 30 min, and
then washed once with PBS. Finally, cells were resuspended in
200 ul PBS for flow cytometry analysis. Antibodies used: PE/Cya-
nine7 anti-mouse CD274 (B7-H1, PD-L1) Antibody (1:100) and PE
anti-human CD274 (B7-H1, PD-L1) Antibody (1:100).

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed using Chromatin Immunoprecipi-
tation kit (Chromatin, USA). Immunoprecipitation reactions were
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displayed. C. Western blot analysis was conducted to evaluate the ratio of pATM to ATM before and after irradiation (IR, 8 h after 6 Gy). The statistical graph illustrates the fold
change in the ratio, calculated as: (pATM/ATM ratio post-IR — pATM/ATM ratio pre-IR) | pATM/ATM ratio pre-IR. D. Phospho-ATM expression of the CT26 tumors was assessed
by western blot. Paired samples were derived from CT26 tumors grown in BALB/c mice, with one tumor subjected to IR (8 Gy x 2) and the other remaining non-IR. Tumors
were harvested on day 14 after IR treatment. E. Phospho-ATM expression of HCT116 tumors was evaluated by IHC. Samples were from HCT116 tumors grown in BALB/c-nu/
nu mice with or without IR (5 Gy x 2) (n = 5). Tumors were harvested on day 12 after IR treatment. Data are represented as mean + SEM of at least three replicates. *p < 0.05,

**p < 0.01, **p < 0.001, ****p < 0.0001.
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performed with 5 ug antibody against p65 (ABclonal, A19653) or
with IgG, used as a negative control. Purified DNA was suspended
subsequently for following qRT-PCR analysis. Primer sequences are
listed in Table S1.

Co-immunoprecipitation (Co-IP)

Total proteins were extracted using cell lysis buffer containing
protease and phosphatase inhibitors. The lysate (100 ug of protein)
was incubated with the corresponding antibodies overnight at 4°C.
The protein-antibody complexes were then incubated with protein
A/G magnetic beads for 5 h at 4°C. Immunoprecipitation was col-
lected by centrifugation, and the bead complexes were washed
four times with PBS. After the final wash, the protein A/G magnetic
beads were eluted by boiling in 5 x SDS sample buffer, and the
proteins were analyzed by Western blot. Antibody: ATM Antibody
(G-12): (1:500, Santa Cruz, sc-377293), NEMO Antibody (1:500,
ABclonal, A12536), ATM phospho Ser1981 antibody (1:1000,
proteintech, 39529).

Enzyme-linked immunosorbent assay (ELISA)

To detect biochemical indicators in mice, blood was collected
from the inner canthus at three time points: before IR, during IR,
and after IR. The collected whole blood was left at room tempera-
ture for 2 h, followed by centrifugation to obtain serum. The ELISA
kits used included the Mouse Aspartate Aminotransferase (AST)
ELISA Kit, Mouse Alanine Aminotransferase (ALT/GPT) ELISA Kit
(CUSABIO, China), Mouse Troponin T (TnT) ELISA Kit (MEIMIAN,
MM-44145H1), and Mouse Creatine Kinase Isoenzyme MB (CK-
MB) ELISA Kit (MEIMIAN, MM-43703H1). For cell experiments,
supernatants from different treatment conditions were collected
for ELISA. The ELISA kits used included the Human Interferon p1
(IFN-B1) ELISA Kit (MEIMIAN, MM-51652H1), Human CXC Chemo-
kine Ligand 10 (CXCL10) ELISA Kit (MEIMIAN, MM-2166H1), and
Human CXC Chemokine Ligand 11 (CXCL11) ELISA Kit (MEIMIAN,
MM-60846H1).

Patient samples

The paraffin sections from pre-radiotherapy of biopsy and post-
radiotherapy surgical specimens in 29 CRC patients were retro-
spectively retrieved from the Nanfang Hospital of Southern Medi-
cal University. These patients have locally advanced rectal cancer,
classified as stage III or stage II with high-risk factors (EMVI+/
CRM+/low-lying rectal cancer). They receive standard neoadjuvant
chemoradiotherapy with a radiation dose of 50 Gy/25F, combined
with capecitabine during radiation. After radiotherapy, they
undergo 4-6 cycles of FOLFOX or CAPEOX chemotherapy, followed
by total mesorectal excision (TME) 2-4 weeks later. During
radiation, capecitabine monotherapy is used as concurrent
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chemotherapy. After radiation, the patient receives 4-6 cycles of
FOLFOX or CAPOX chemotherapy, followed by total mesorectal
excision (TME) 2-4 weeks later. We guaranteed that the patient
data would be used only for this study and not for any other pur-
poses, and adhered to the Declaration of Helsinki.

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the Animal Ethics
Committee of Guangdong Medical Laboratory Animal Center
(Approval no. C202304-4).

The paraffin sections from patients used were approved by the
Ethics Committee of Nanfang Hospital of Southern Medical Univer-
sity (Approval no. NEFC-2022-367).

Statistical analysis

SPSS 21 and GraphPad prism 9.0 software were used for statis-
tical analysis. For comparison between the two groups, Student’s t-
test or Mann-Whitney U test was applied on parametric and non-
parametric datasets respectively. For comparisons of three or more
groups, data were analyzed by one-way ANOVA or two-way
ANOVA. Data are expressed as means + SEM. Significant differences
are indicated by *ns., no significant differences, *p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001.

Results

ATM emerges as a promising target for enhancing the efficacy of
radiotherapy in colorectal cancer

In response to radiation-induced DNA damage, ATM rapidly
autophosphorylates at serine 1981, playing a key role in the DNA
damage response [11]. We assessed ATM activation post-
radiotherapy by performing immunohistochemical (IHC) staining
for phosphorylated ATM (pATM) in paired tumor samples from
six rectal cancer patients. We observed a notable increase in pATM
levels post-radiotherapy, indicating ATM activation (Fig. 1A). Sub-
sequently, we analyzed the relationship between pATM levels in
CRC samples after radiotherapy and tumor radiotherapy response.
Tumor regression grade (TRG) assesses the pathological response
of tumors to radiotherapy after neoadjuvant chemoradiotherapy.
We classified 29 patients into a “Response group” (TRG = 1,
n = 13) and a “Non-response group” (TRG = 2-3, n = 16). IHC
revealed lower pATM levels in patients with favorable radiother-
apy responses and higher levels in poor responders (Fig. 1B). Next,
we investigated the radiosensitization potential of ATM in CRC
through comprehensive in vitro and in vivo experiments. We trea-
ted eight different CRC cell lines with irradiation (IR) and assessed

<

Fig. 2. Targeted inhibition of ATM enhances the radiation sensitivity and post-radiation antitumor immunity of colorectal cancer. A. A colony formation assay was conducted
to evaluate the radiosensitizing effect of AZD0156 (100 nM) exposure for 24 h under increasing doses of IR. Survival fractions were analyzed using the linear-quadratic (L-Q)
model. B. Radiobiological parameters reflected the radiosensitization efficacy were calculated by using multi-target single-hit model. C. Schematic representation of SW480
and SW620 xenografts (s.c.) in BALB/c-nu/nu (nude) mice treated with blank control, AZD0156 (10 mg/kg), IR (5 Gy x 2), or IR combined with AZD0156. D. Tumor images and
growth curves are presented, with the upper section showing the SW480 subcutaneous tumor model and the lower section showing the SW620 subcutaneous tumor model.
E. The inhibitory effect of AZD0156 was evaluated using pATM IHC, with the staining scores for pATM presented in the figure. F. Tumor proliferation was evaluated using Ki67
IHC, and the percentage of Ki67-positive cells is shown in the figure. The upper section corresponds to the SW480 tumor model, while the lower section corresponds to the
SW620 tumor model. G. Tumor images and growth curves are shown for CT26 subcutaneous tumor models in BALB/c nude mice (left panel) and BALB/c mice (right panel).
Mice were treated with blank control, AZD0156 (10 mg/kg), IR (8 Gy x 2), or IR combined with AZD0156. H. Tumor growth rates are shown for subcutaneous tumor models in
BALB/c nude mice (upper panel) and BALB/c mice (lower panel). I. IHC staining of CD8 + lymphocytes in CT26 tumors of BALB/c mice. J. Flow cytometry was used to analyze
CD8+ T cell infiltration in CT26 tumors. Data are represented as mean + SEM of at least three replicates. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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total ATM and phosphorylated ATM levels pre- and post-IR. Results
demonstrated that in most CRC cell lines, the level of pATM
increases after irradiation, while the total ATM level remains lar-
gely unchanged. The pATM/ATM ratio significantly increased in
most CRC cell lines post-IR (Fig. 1C). Analysis of several GSE data-
sets also indicated no significant change in ATM transcription
levels in colorectal cancer cells or tissues pre- and post-radiation
(Supplementary Fig. 1B). Further, SW620 cells were treated with
different doses of radiation, and ATM phosphorylation levels were
measured at different time points after 6 Gy of radiation. Radiation
significantly induced ATM phosphorylation, which increased with
dose and time (Supplementary Fig. 1A). Additionally, paired CT26
subcutaneous tumor samples revealed higher pATM protein levels
in irradiated tumors compared to non-irradiated controls (Fig. 1D).
[HC staining of HCT116 subcutaneous tumors also showed
increased pATM levels following localized radiation (Fig. 1E). Col-
lectively, our data confirm significant ATM activation by radiation
in CRC cells, supporting its potential as a radiosensitization target.

Targeted inhibition of ATM enhances the radiation sensitivity and
post-radiation antitumor immunity of colorectal cancer

First, we selected the cell lines SW620 and SW480, which
exhibited a greater relative difference in the pATM/ATM ratio
before and after IR (Fig. 1C), for subsequent experiments. We used
lentivirus to silence ATM expression in these cells, selecting the
most efficient constructs, ShATM #2 and shATM #3, for further
experiments (Supplementary Fig. 2A). EdU assays showed that
before radiation, ATM knockdown had little effect on SW620 and
SW480 cell proliferation. However, after radiation, proliferation
significantly decreased in shATM cells compared to shNC controls
(Supplementary Fig. 2B). Similar trends were observed in the
clonogenic assay and the CCK8 assay (Supplementary Fig. 2C, 2E).
To quantify this effect, we applied the linear-quadratic model to
analyze survival fractions, generating survival curves that further
confirmed increased sensitivity in shATM cells (Supplementary
Fig. 2C, right panel). Radiobiological parameters such as SF2 (the
survival fraction at 2 Gy), DO (the dose reducing the survival rate
by 37 %), and Dq (the capacity of cells to repair sublethal damage)
were calculated using the multi-target single-hit model. Results
showed that these parameters were lower in ATM-knockdown
cells compared to controls (Supplementary Fig. 2D), suggesting
that downregulation of ATM significantly enhances radiation sen-
sitivity in CRC cells.

AZDO0156, a selective oral ATM inhibitor, boasts favorable pre-
clinical pharmacokinetics and a clinically acceptable effective dose
[5]. The impact of AZD0156 on radiation sensitivity in colorectal
cancer, as well as the potential synergistic effects of combined
radiotherapy, warrant further exploration. Western blot analysis
confirmed that AZD0156 effectively inhibited ATM phosphoryla-
tion and downstream CHK2 activation following IR (Supplemen-
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tary Fig. 2F). We employed the EdU assay to evaluate the effect
of AZD0156 on cellular radiation sensitivity. The results revealed
that while AZD0156 alone had minimal impact on cell proliferation
in the absence of irradiation, its combination with radiation signif-
icantly reduced cell proliferation (Supplementary Fig. 2G). This
radiation sensitization effect was further confirmed by clonogenic
assays (Fig. 2A), with SF2, DO, and Dq values in ATM inhibitor-
treated cells lower compared to the control group, indicating
increased radiation sensitivity (Fig. 2B). Additionally, Radiosensiti-
zation increased with higher AZD0156 concentrations in CT26 and
MC38 murine CRC cell lines (Supplementary Fig. 2H), a finding fur-
ther supported by similar results from the CCK8 assay (Supplemen-
tary Fig. 21I).

Research suggests that the effectiveness of ATM inhibitors in
enhancing radiosensitivity may be influenced by TP53 status
[12]. However, this relationship remains unclear in CRC cells. To
investigate, we assessed the response of various CRC cell lines to
AZDO0156. Both clonogenic survival and cytotoxicity assays indi-
cated that TP53 wild-type LoVo cells, as well as TP53-mutant
SW480 and Caco2 cells, showed a stronger radiosensitizing
response to ATM inhibition. In contrast, TP53-mutant HT29 and
HCT15 cells, along with TP53 wild-type HCT116 cells, exhibited
relatively weaker responses (Supplementary Fig. 2], 2 K). Overall,
these findings demonstrate that ATM inhibitors significantly
enhance radiosensitivity in CRC cells, and this effect appears to
be independent of TP53 status.

Based on in vitro cellular assays, we further validated the effect
of AZD0156 on the radiosensitivity of tumors in vivo. Human CRC
cells SW480 and SW620 were implanted subcutaneously into nude
mice to establish xenograft models. When the tumor volume
reached 100-150 mm?>, the mice were divided into four groups:
(i) a blank control group treated with PBS; (ii) a monotherapy
group treated with AZD0156 alone (AZD); (iii) a radiation therapy
alone group (IR); and (iv) a combination therapy group (IR + AZD)
(Fig. 2C). IHC staining of tumor tissues revealed that radiotherapy
significantly induced ATM phosphorylation levels compared to
the control group, while AZD0156 treatment notably inhibited
radiation-induced ATM phosphorylation (Fig. 2E and Supplemen-
tary Fig. 3A). AZD0156 monotherapy had little effect on SW480
and SW620 tumor growth. However, radiation therapy signifi-
cantly slowed tumor growth, and the combination therapy further
enhanced this effect (Fig. 2D). IHC results also indicated that the
combination therapy minimized the proportion of Ki-67 positive
cells within the tumors (Fig. 2F and Supplementary Fig. 3A).

Subsequently, subcutaneous xenograft experiments with mur-
ine CRC cells MC38 in immunocompetent C57BL/6] mice indicated
that the combined therapy significantly inhibited tumor growth,
clearly superior to the PBS control, individual drug treatment,
and radiation therapy alone groups (Supplementary Fig. 3B, 3C).
Tumor regression occurred only in the combined therapy group
(Supplementary Fig. 3D). Both the radiation and combined therapy

<

Fig. 3. Targeting ATM could activate the STING pathway by increasing cytoplasmic DNA levels following radiation exposure. A. RNA-seq gene set enrichment analysis of CT26
tumors treated with IR (8 Gy x 2) or IR combined with AZD0156 (10 mg/kg). B. CD8 T cell activation-related pathways and IFN-related pathways were enriched in the IR plus
AZDO0156 group compared to the IR-alone group. C. Expression levels of IFNB and IFNa in SW620 and SW480 cells treated with control, AZD0156 (2 uM), IR (6 Gy), or the
combination of IR and AZD0156, analyzed by qRT-PCR. D. Protein expression of STING signaling in SW480 and SW620 cells treated with control, AZD0156, IR, or the
combination of IR and AZD0156. Total and phosphorylated levels of STING, TBK1, and IRF3 were assessed by western blot after 48 h. E. SW480 and SW620 CRC cells with
control, AZD0156 (2 uM), IR (6 Gy) or combination treatment were stained with anti-dsDNA (green) antibody and DAPI. F. Effect of STING inhibition on radiation
responsiveness in subcutaneous CT26 tumors implanted in BALB/c mice. Mice were treated with IR (8 Gy x 2), IR with AZD0156 (10 mg/kg), IR with C-176 (5 mg/kg), or IR
with both AZD0156 and C-176. G. Tumor images from the four treatment groups were captured on the day of harvest. H. Tumor growth curves (left panel) and individual
tumor growth rates (right panel) for each mouse are shown. I. Flow cytometry analysis of CT26 tumors in BALB/c mice. The percentages of CD8+ T cells and activated
IFNYy + CD8+ T cells were analyzed on day 14 post-IR treatment. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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groups had significantly longer survival than the control group,
with no deaths during the observation period (Supplementary
Fig. 3E).

Ionizing radiation activates the tumor immune microenviron-
ment, promoting anti-tumor responses [13,14]. We studied the
effect of ATM inhibitors on tumor immune status during radiother-
apy by implanting CT26 cells into T cell-deficient nude mice and
immunocompetent BALB/c mice. AZD0156 improved radiotherapy
response in both, with stronger tumor suppression in BALB/c mice
(Fig. 2G). In BALB/c mice, combination therapy outperformed
radiotherapy alone, leading to tumor regression (Fig. 2H).

Radiotherapy can increase the infiltration of CD8+ T cells in the
tumor microenvironment [15], but the impact of combined ATM
inhibitors on CD8+ T cells within the colorectal cancer microenvi-
ronment remains unclear. CD8 IHC staining of CT26 tumor tissues
showed that AZD0156 alone had no effect on CD8+ T cell infiltra-
tion, while radiotherapy increased it. Combination therapy further
enhanced CD8+ T cell infiltration (Fig. 2I). Flow cytometry showed
that radiotherapy significantly boosted CD8+ T cell proportions
compared to controls and monotherapy, with combination therapy
enhancing this effect (Fig. 2]). Neither radiotherapy nor AZD0156
altered Ki67 + CD8+ T cell proportions (Supplementary Fig. 3G).

In summary, targeting ATM increases the radiosensitivity of col-
orectal cancer cells both in vitro and in vivo. The ATM inhibitor
AZDO0156 may also boost antitumor immune responses by enhanc-
ing CD8+ T cell infiltration, further improving radiosensitivity.
These findings highlight ATM as a promising target for radiosensi-
tization in colorectal cancer therapy.

Targeting ATM could activate the STING pathway by increasing
cytoplasmic DNA levels following radiation exposure

To investigate how ATM inhibition boosts post-radiation antitu-
mor immunity, we conducted transcriptomic sequencing (RNA-
seq) on tumors from mice treated with radiation alone or in com-
bination with AZD0156. Gene Set Enrichment Analysis (GSEA) of
the RNA-seq data identified enriched pathways in the combination
therapy group. The Cytosolic DNA-sensing pathway attracted our
attention (Fig. 3A) because the cGAS-STING signaling pathway
plays an important role in mediating radiation-induced antitumor
effects [16]. Cyclic GMP-AMP synthase (cGAS), a cytosolic DNA
sensor, detects double-stranded DNA, activating the Stimulator of
interferon genes (STING) pathway and boosting transcription of
type I interferon genes, crucial for antitumor immunity [17]. GSEA
results also unveiled enrichment in pathways associated with CD8
T-cell activation, CTL-1, CTL-2 pathways, and multiple interferon-
related pathways in the combination therapy group, indicating
activation of immune-related pathways and enhanced type I inter-
feron response (Fig. 3B). qRT-PCR validation in vitro and in vivo
confirmed increased expression of interferon genes with combina-
tion therapy (Fig. 3C and Supplementary Fig. 4A). Western blot
analysis showed that IR activated the STING pathway, indicated

<
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by increased levels of Phospho-STING (pSTING), Phospho-TBK1
(pTBK1), and Phospho-IRF3 (pIRF3). Combination therapy further
enhanced this activation (Fig. 3D). Western blot analysis of MC38
subcutaneous tumors confirmed significantly stronger STING sig-
naling activation in the combination therapy group compared to
the radiation-only group (Supplementary Fig. 4B). We then
assessed cytoplasmic double-stranded DNA (dsDNA) levels after
radiation and ATM inhibition. Immunofluorescence showed that
radiation increased cytoplasmic dsDNA, and this effect was further
enhanced by combination therapy (Fig. 3E). Subsequent in vivo
experiments using the STING inhibitor C-176 supported these find-
ings. CT26 cells were implanted subcutaneously in BALB/c mice,
which were then divided into four groups: (i) Radiation alone
(IR), (ii) AZD0156 combined with radiation (IR + AZD), (iii) C-176
combined with radiation (IR + C176), and (iv) C-176 and
AZD0156 combined with radiation (IR + AZD + C176) (Fig. 3F).
Combination therapy significantly inhibited tumor growth, which
was reversed by STING inhibition (Fig. 3G, 3H). Western blot
results confirmed that C-176 treatment significantly inhibited
downstream STING signaling molecules pTBK1, pIRF3, and pSTAT1
(Supplementary Fig. 4C). Flow cytometry analyses revealed a
reduction in CD8+ T cells and decreased CD8+ T cell activation fol-
lowing STING inhibition, indicating suppressed antitumor immu-
nity (Fig. 31 and Supplementary Fig. 4F). Radiation can induce the
release of various cytokines and chemokines, recruiting CD8+ T
cells into the tumor microenvironment and enhancing antitumor
immunity. RNA-seq data and qRT-PCR validation highlighted
increased expression of T-cell chemokines CXCL10 and CXCL11
with combination therapy, further supporting enhanced antitumor
immunity (Supplementary Fig. 4D, 4E).

In summary, inhibiting ATM may enhance STING signaling acti-
vation by increasing cytoplasmic DNA, which promotes the expres-
sion of downstream chemokines CXCL10/CXCL11, thereby
increasing CD8+ T cell infiltration in the tumor microenvironment.

Targeting ATM promotes mitochondrial damage post-irradiation to
facilitate STING pathway activation

Cytoplasmic DNA arises from genomic (gDNA) and mitochon-
drial (mtDNA) sources. ATM is a key protein involved in the repair
of genomic DNA damage. Therefore, we hypothesize that inhibiting
ATM may lead to the release of damaged DNA fragments into the
cytoplasm by disrupting the timely repair of double-stranded
genomic DNA. To evaluate cytoplasmic gDNA content, we used
gqRT-PCR to assess the relative abundance of the GAPDH gene
encoded by the genome. Results showed that radiation increased
cytoplasmic gDNA levels in SW480 and SW620 cells, but there
was no significant difference compared to the combination with
AZDO0156 (Supplementary Fig. 5A). Recent studies have found that
mtDNA also plays a role in enhancing radiation-induced immunity
[10,18]. By measuring the relative abundance of the mitochondri-
ally encoded MTATPS8 gene in the cytoplasm, we found that radia-

Fig. 4. Targeting ATM promotes mitochondrial damage post-irradiation to facilitate STING pathway activation. A. The cytosolic abundance of the MTATP8 DNA sequence was
measured by qPCR 24 h post-IR. B. Mitochondrial morphological changes were examined using transmission electron microscopy in SW620 cells collected 24 h post-IR. C.
Flow cytometric analysis detected changes in mitochondrial membrane potential, with a reduced green/red fluorescence intensity ratio (FITC/PE) indicating mitochondrial
depolarization. Samples were collected 24 h after treatment with IR (6 Gy), AZD0156 (2 uM), or their combination. D. Mitochondrial ROS levels were examined by flow
cytometric detection 24 h post-IR. E. Control and rho® cells (mtDNA-depleted) were treated with IR (6 Gy) alone or combined with AZD0156 (2 uM). Cells were co-stained
with MitoTracker Red CMXRos (mitochondria, red), anti-TFAM (green), and DAPI. F. Western blot analysis of STING signaling protein expression in SW480 and SW620 control
and rho® cells treated with IR alone or in combination with AZD0156. Total and phosphorylated levels of STING, TBK1, and IRF3 were evaluated 48 h post-treatment. G. qRT-
PCR analysis of IFNB1, CXCL10, and CXCL11 expression in control and rho® cells treated with IR alone (6 Gy) or in combination with AZD0156 (2 uM), 24 h post-IR. H. ELISA
analysis of IFNB1, CXCL10, and CXCL11 levels in cell supernatants from control and rho® cells treated with radiation alone or in combination with AZD0156. Data are
represented as mean * SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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tion increased mtDNA content in the cytoplasm of SW480 and
SW620 cells. This increase was further enhanced by the combina-
tion with an ATM inhibitor (Fig. 4A). Damaged mitochondria exhi-
bit increased membrane permeability, which may facilitate the
release of mtDNA into the cytoplasm. Transmission electron micro-
scopy showed post-radiation mitochondrial damage, characterized
by enlarged and swollen morphology. The combination of ATM
inhibition and radiation caused more severe mitochondrial dam-
age, including disruption, breakage, or loss of mitochondrial cris-
tae, along with significant vacuolar degeneration (Fig. 4B).
Correspondingly, more apoptosis was observed in the combination
treatment group than in the radiation-only group (Supplementary
Fig. 5B). Changes in membrane potential are a hallmark of mito-
chondrial damage, prompting us to conduct JC-1 (membrane
potential indicator) staining. Compared to mitochondria with high
membrane potential, which display red fluorescence, damaged
mitochondria show brighter green fluorescence signals. Flow
cytometry analysis revealed that radiation increased the green/
red fluorescence ratio, and this ratio was further significantly
enhanced following combination treatment with AZDO0156
(Fig. 4C). Ionizing radiation generates ROS by damaging mitochon-
dria, causing oxidative stress and indirectly damaging DNA [6].
Flow cytometry measuring post-radiation mitochondrial ROS
(mitoROS) levels found that radiation combined with an ATM inhi-
bitor further increased radiation-induced mitoROS (Fig. 4D). To
determine whether the accumulation of mtDNA is essential for
the enhanced type I interferon (IFN) response induced by ATM
inhibition after radiation, we cultured cells in low concentrations
of ethidium bromide (EthBr) to deplete their mtDNA, creating
mtDNA-depleted cells (rho® cells). IF analysis showed that ATM
inhibition enhanced radiation-induced accumulation of cytoplas-
mic mitochondria (increased TFAM staining, green fluorescence).
In contrast, green fluorescence was nearly absent in rho® cells, indi-
cating depletion of mtDNA (Fig. 4E). Furthermore, mtDNA deple-
tion abolished the activation of the STING-type I IFN signaling
pathway triggered by radiation combined with AZD0156 (Fig. 4F)
and decreased the expression levels of IFNB1, CXCL10, and CXCL11
(Fig. 4G). ELISA results further confirmed a reduction in the release
of these cytokines (Fig. 4H).

Reducing ROS accumulation after radiation attenuates immune
activation induced by ATM inhibition

Damaged mitochondria not only leads to cell apoptosis but also
generates increased levels of ROS, further damaging the mitochon-
drial membrane [19,20]. Therefore, we investigated whether the
accumulation of ROS is a key factor in enhancing the type I IFN
response induced by targeting ATM after radiation. We used the
DCFH-DA-FITC probe to label ROS and assess the impact of ATM
inhibition on intracellular ROS levels. The combination of
AZDO0156 with radiation further increased the accumulation of
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intracellular ROS compared to the radiation-only group (Fig. 5A,
5B). We hypothesize that ATM inhibitors may promote mitochon-
drial damage by upregulating radiation-induced ROS, thereby trig-
gering cell apoptosis and the leakage of mitochondrial DNA.
Subsequently, we pre-treated cells with the ROS scavenger NAC
before radiation, and flow cytometry results showed that NAC par-
tially removed ROS induced by radiation alone and in combination
with AZD0156 (Fig. 5C). qRT-PCR results suggested that NAC pre-
treatment reduced the upregulation of MTATP8 DNA content in
the cytoplasm induced by radiation and combined treatments
(Fig. 5D), and the apoptosis of cells post-radiation also decreased
(Supplementary Fig. 5B). Additionally, the removal of ROS reduced
the increased expression of IFNB1, CXCL10, and CXCL11 in
response to radiation combined with AZD0156 (Fig. 5E), and ELISA
results further indicated a decrease in the release of these cytoki-
nes (Fig. 5F). Recent studies have shown that stress-induced
ATM-CHK2-Beclin1 signaling pathway triggers autophagy, which
can eliminate damaged mitochondria under oxidative stress,
thereby maintaining cellular ROS homeostasis [21]. We have previ-
ously confirmed the activation of the ATM/CHK2 signaling path-
way after radiation (Supplementary Fig. 2F). Additionally,
transmission electron microscopy revealed an increase in
autophagosomes in SW620 cells after radiation (Supplementary
Fig. 5C). Radiation treatment induced cellular autophagy, as evi-
denced by the decrease in the autophagy substrate p62 and the
conversion of the non-lipidated form of LC3 (LC3-I) to its
phosphatidylethanolamine-conjugated form (LC3-II). Inhibition of
ATM suppresses the activation of CHK2/Beclin1 and the subse-
quent cellular autophagy (Fig. 5G). This may represent one of the
potential mechanisms leading to the accumulation of ROS and
damaged mitochondria.

To further explore the impact of ROS accumulation on immune
activation, we performed an in vitro CD8+ T cell chemotaxis assay.
Naive CD8+ T cells were purified from mouse spleens and activated
using T-activator CD3/CD28 beads and IL-2. MC38 cells were trea-
ted with radiation or drug combinations for 8 h, then cultured
without drugs for 1 day before collecting the supernatant. Acti-
vated CD8+ T cells were placed in the upper chamber, and MC38
cell supernatant was added to the lower chamber to allow T cell
migration for 24 h (Fig. 5H). The lower chamber medium was sub-
sequently collected, and the number of cells was assessed by flow
cytometry. The results indicated that, compared to the IR-alone
group, the use of the ATM inhibitor significantly enhanced CD8+
T cell migration. However, ROS scavenging using NAC significantly
reduced CD8+ T cell chemotaxis (Fig. 5I).

In summary, ATM inhibition enhances the accumulation of
mitochondrial ROS and mitochondrial damage induced by radia-
tion. This process not only increases cell apoptosis but also pro-
motes the release of mitochondrial DNA into the cytoplasm,
activating the STING-type I IFN signaling pathway and facilitating
the recruitment of CD8+ T cells.

<

Fig. 5. Reducing ROS accumulation after radiation attenuates immune activation induced by ATM inhibition. A. Flow cytometry analysis of ROS generation in DCFH-DA-
stained SW480 and SW620 cells treated with IR (6 Gy), AZD0156 (2uM), or their combination. B. Fluorescent imaging of SW480 and SW620 cells demonstrating the effect of
AZDO0156 on intracellular ROS production following IR (6 Gy). ROS is shown as green fluorescence. C. The ROS scavenger NAC (5 mM) was used to reduce IR-induced or IR plus
AZD-induced ROS levels in SW480 cells. D. The abundance of the cytoplasmic MTATP8 DNA sequence after NAC treatment was analyzed by qRT-PCR. E. Cells were treated
with IR alone or IR combined with AZD0156, with or without the addition of NAC. Expression levels of IFNB1, CXCL10 and CXCL11 were analyzed by qRT-PCR 24 h post-IR. F.
ELISA quantified CXCL10, CXCL11 and IFNB1 levels in cell supernatants from the four treatment groups. G. Western blot analysis was used to assess protein expression in the
ATM/CHK2/Beclin signaling pathway in SW480 and SW620 cells treated with control, IR (6 Gy), AZD0156 (4uM), or their combination.Total and phosphorylated levels of ATM,
CHK2, Beclin1, and autophagy-related proteins p62 and LC3 were assessed by western blot after 48 h. H. Schematic diagram of ex vivo chemotaxis assay of CD8+ T cell
activation and migration. L. Flow cytometry was used to quantify the number of CD8+ T cells that migrated to the lower chamber. The supernatants were derived from tumor
cells treated with Non-IR, IR alone, IR combined with NAC, IR combined with AZD0156, or a combination of all three treatments. Data are represented as mean + SEM.
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Triple therapy combining radiotherapy, AZD0156, and anti-PD-L1
blockade significantly enhances antitumor activity

While radiotherapy combined with immune checkpoint inhibi-
tors (ICIs) has synergistic effects, its efficacy in neoadjuvant rectal
cancer treatment remains to be improved [22]. Consequently, opti-
mizing this treatment approach has become a key focus of clinical
research. In this study, we utilize animal models to evaluate
whether the combination of AZD0156 with radiotherapy and ICIs
can effectively enhance antitumor efficacy. A key challenge in anti-
tumor immune activation is the radiation-induced upregulation of
PD-L1 on tumors [14,15]. We observed that radiation alone
increased PD-L1 expression on CT26 and MC38 cells. When com-
bined with AZD0156, PD-L1 expression decreased slightly, but
remained higher than in the control and monotherapy groups
(Supplementary Fig. 6A). Immunofluorescence revealed that radia-
tion treatment significantly increased phosphorylated ATM expres-
sion of CT26 and MC38 cells, as well as elevated PD-L1 expression.
Treatment with the ATM inhibitor not only suppressed ATM phos-
phorylation but also partially reduced PD-L1 expression (Supple-
mentary Fig. 6B). Similarly, western blot analysis confirmed that
inhibiting ATM kinase activity attenuated the radiation-induced
upregulation of PD-L1 expression in SW480 and SW620 cells
(Fig. 6A).

We investigated how ATM regulates PD-L1 expression. Specifi-
cally, we aimed to identify transcription factors that directly influ-
ence PD-L1 transcription. Among a series of classical transcription
factors known to regulate PD-L1 [23], we selected those potentially
dependent on ATM activation, including HIF1 [24], NF-xB [25],
STAT1 [26], and STAT3 [27]. To determine the signaling pathways
involved in PD-L1 regulation, we employed specific inhibitors:
HIF1 inhibitor (BAY 87-2243), NF-«xB inhibitor (JSH-23), STAT3
inhibitor (NSC 74859), and STATT1 inhibitor (Fludarabine), in com-
bination with AZD0156 and IR treatment. The results showed that
JSH-23 reduced IR-induced PD-L1 upregulation, producing effects
similar to AZD0156 (Fig. 6B and Supplementary Fig. 6C). It suggests
that activation of the NF-xB pathway may play a role in regulating
PD-L1 expression. Subsequently, we further demonstrated the con-
nection between ATM activation and both PD-L1 expression and
p65-dependent NF-kB activation following radiation. Inhibition
of ATM activation using AZD0156 suppressed both IR-induced acti-
vation of the NF-xB subunit p65 and the upregulation of PD-L1
expression (Fig. 6C). Moreover, we used ChIP-qPCR to examine
the interaction between p65 and the PD-L1 promoter. The results
showed that IR increased p65 binding to the PD-L1 promoter (as
indicated by IP/input), which was effectively blocked by
AZDO0156 (Fig. 6D). These results suggest that the upregulation of
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PD-L1 expression following IR may be partially mediated through
ATM activation and subsequent p65-dependent NF-kB activation.

We then investigated how ATM activation triggers NF-kB acti-
vation. Previous studies have reported that ATM can translocate
from the nucleus to the cytoplasm, where it activates the NF-xB
essential modulator (NEMO) [28]. Activated ATM interacts with
SUMOylated NEMO, triggering p65 nuclear translocation and NF-
KB activation [28,29]. To investigate whether the radiation-
induced upregulation of PD-L1 expression in CRC cells is mediated
by the ATM-NEMO interaction and subsequent NF-kB activation,
we performed co-immunoprecipitation (co-IP) experiments.
Immunoprecipitation (IP) using an ATM antibody followed by
immunoblotting (IB) to detect NEMO revealed colocalization
between ATM and NEMO after irradiation, and colocalization
increased with higher radiation doses (Fig. 6E, upper panel). Simi-
larly, IP with a NEMO antibody in irradiated cells also confirmed
the interaction between ATM and NEMO (Fig. 6E, lower panel).
We then validated whether the interaction between ATM and
NEMO depends on ATM activation. The results showed that treat-
ment with AZD0156 reduced the IR-induced colocalization of ATM
and NEMO (Fig. 6F, upper panel). As NEMO-associated ATM can be
recognized by the phospho-Ser1981 ATM antibody [11,28], we per-
formed IP with a NEMO antibody followed by IB with a phospho-
Ser1981 ATM antibody. The results confirmed that AZD0156 signif-
icantly reduced the interaction between NEMO and activated ATM
(Fig. 6F, lower panel), providing further evidence that the ATM-
NEMO interaction is dependent on ATM kinase activity.

Since high PD-L1 expression and immune infiltration correlate
with ICI responsiveness in advanced non-small cell lung cancer
[30], we treated tumor-bearing mice with an anti-mouse PD-L1
antibody (oPD-L1) to evaluate combined treatment efficacy. Mice
with implanted CT26 cells were grouped into four treatment regi-
mens: (i) Radiation alone (IR); (ii) Radiation + anti-PD-L1 treat-
ment (IR + aPD-L1); (iii) AZD0156 + radiation (IR + AZD); and
(iv) AZD0156 + radiation + anti-PD-L1 treatment (IR + AZD + oP
D-L1) (Supplementary Fig. 7A). Results showed that combining
oPD-L1 with radiation and AZDO0156 significantly suppressed
tumor growth (Supplementary Fig. 7B), achieving a tumor regres-
sion rate of 71.4 % in the triple therapy group (Supplementary
Fig. 7C). We evaluated the toxicity of the triple therapy and found
that while both radiotherapy combined with AZD0156 (dual ther-
apy) and radiotherapy combined with AZD0156 and anti-PD-L1
(triple therapy) caused temporary weight loss in mice, the reduc-
tion was acceptable (<20 %) and recovered within 3-4 weeks (Sup-
plementary Fig. 7D). Serum levels of AST and ALT before, during,
and after treatment showed no significant differences between
groups and remained normal (Supplementary Fig. 7E). Moreover,

Fig. 6. Triple therapy combining radiotherapy, AZD0156, and anti-PD-L1 blockade significantly enhances antitumor activity. A. Western blot analysis was performed to detect
PD-L1 protein expression in cells treated with control, IR alone (6 Gy), or IR combined with AZD0156 (1 uM, 2 uM). B. The SW480 cells were divided into non-IR and IR groups.
The IR group underwent either no treatment or treatment with various inhibitors, including Bay11-2243 (10 uM), NSC 74859 (100 uM), fludarabine (20 uM), JSH-23 (10 uM),
AZD0156 (4 uM). PD-L1 expression was analyzed by flow cytometry 48 h post-IR. C. SW480 and SW620 cells were treated with control, IR alone (6 Gy), or IR combined with
AZDO0156 (1 uM, 2 uM). Total and phosphorylated levels of ATM, p65, and PD-L1 were analyzed by western blot 48 h post-treatment. D. ChIP-qPCR analysis of p65 occupancy
on the PD-L1 promoter in SW480 and SW620 cells treated with control, IR alone (6 Gy), IR combined with AZD0156 (4 uM). Data are presented as fold enrichment relative to
the input. E. SW480 and SW620 cells were treated with ionizing radiation (IR) at doses of 0 Gy, 6 Gy, and 12 Gy, and protein lysates were collected 8 h post-treatment. The
interaction between ATM and NEMO was evaluated using co-IP assays. Upper panel: IP was performed using an anti-ATM mouse monoclonal antibody, followed by IB with an
anti-NEMO rabbit polyclonal antibody. Lower panel: IP was performed using an anti-NEMO rabbit polyclonal antibody, followed by IB with an anti-ATM mouse monoclonal
antibody. F. SW480 and SW620 cells were treated with a control, IR alone (6 Gy), or IR in combination with AZD0156 (2 uM, 4 uM). The interaction between ATM and NEMO
was analyzed by co-IP, including IP with anti-ATM followed by IB with anti-NEMO, and IP with anti-NEMO followed by IB with anti-Phospho-ATM (S1981) mouse monoclonal
antibody. G. Schematic of subcutaneous MC38 tumors (100-300 mm?) in grown in C57BL/6] mice. Mice were treated with IR (5 Gy x 3), IR with anti-PD-L1 (200 ug), IR with
AZDO0156 (10 mg/kg) or IR with anti-PD-L1 plus AZD0156. H. Waterfall plot showing the tumor growth rate for individual mice. I. Kaplan-Meier survival curves of mice were
shown. J. Response to treatment was reflected by tumor growth curves from each individual mouse. K. Experimental design of efficacy study in mice with large tumors (300-
600 mm?). Mice were treated with IR (8 Gy x 3), IR with anti-PD-L1 (200 ug), IR with AZD0156 (10 mg/kg) or IR with anti-PD-L1 plus AZD0156. L. Waterfall plot showing the
tumor growth rate for individual mice. M. Kaplan-Meier survival curves of mice in each group. N. Tumor growth curves of each individual mouse subjected to different
treatments. Data are represented as mean * SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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CKMB and TNT levels were normal, with no abnormalities detected
(Supplementary Fig. 7F). HE staining of myocardial tissue three
weeks post-treatment also revealed no cardiac injury (Supplemen-
tary Fig. 7G). The triple therapy effectively inhibited tumor growth
without significant weight loss or additional liver or cardiac toxic-
ity in mice. We validated the triple therapy’s efficacy in a subcuta-
neous tumor model in C57 mice using MC38 cells (Fig. 6G).
Radiation combined with AZD0156 showed limited effectiveness
in tumor control, but the addition of aPD-L1 significantly improved
outcomes, with 60 % of tumors regressing (Fig. 6H and 6 ]). Survival
data confirmed no mortality in the triple therapy group during the
observation period (Fig. 61).

We targeted large tumors, known for their rapid growth and
poor response to treatment [31,32]. In a large tumor-bearing
mouse model (>300 mm?), treatment is particularly challenging
due to the tumors’ rapid growth [31]. Therefore, we used a subcu-
taneous MC38 tumor model, grouping mice when the tumor vol-
ume reached 300-600 mm? (Fig. 6K). We modified the treatment
protocol by increasing the radiation dose to 8 Gy and adding two
cycles of anti-PD-L1 antibody. This approach induced tumor
regression, with a complete remission rate of 66.7 % in the triple
therapy group (Fig. 6L and 6 N). Survival data showed no mortality
in this group (Fig. 6M). The mortality rates for mice with large
tumors treated solely with radiation were 66.7 %, and those treated
with radiation combined with anti-PD-L1 were 33.3 %. In contrast,
mice with medium-sized tumors (100-300 mm?) treated with tri-
ple regimens had a mortality rate of 100 %, indicating that our
modified treatment significantly improved survival benefits. No
significant weight loss occurred in any treatment group (Supple-
mentary Fig. 7H). Combining the ATM inhibitor with radiation
and ICI effectively controlled growth in large, treatment-resistant
tumors. The triple therapy significantly improved remission rates
and survival in mice with high tumor burdens..

Discussion

It is projected that by the next decade, a growing proportion of
individuals under 50 years old will be diagnosed with rectal cancer
(25 %) and colon cancer (12 %) [33]. Early-onset colorectal cancer
patients often present with advanced tumors at diagnosis, missing
the optimal window for surgical intervention [33,34]. While radio-
therapy is the standard treatment for locally advanced rectal can-
cer, it is also an effective option for advanced CRC, particularly for
younger patients with lower rectal cancer who prioritize sphincter
preservation [35]. However, poor tumor response to radiation can
result in insufficient regression, reduced surgical options, and
tumor recurrence, severely compromising quality of life and
increasing disease burden [36].

The DNA damage response (DDR) pathway is a key mechanism
activated under radiation stress, and its role in damage repair con-
tributes to radiation resistance [3]. ATM is a central molecule in the
DDR pathway, primarily responsible for repairing double-strand
DNA breaks [4]. However, whether ATM plays additional roles or
interacts with other signaling pathways following radiation
remains an area for further investigation. Our analysis of rectal
cancer clinical samples revealed that radiotherapy fosters ATM
kinase activation, with high levels of phosphorylated ATM correlat-
ing with poor radiotherapy response. Both in vitro and in vivo
experiments confirmed that radiation significantly activates ATM
in CRC cells, raising phosphorylation levels. Currently, clinical-
grade ATM inhibitors are limited, with AZD0156, a selective oral
ATM inhibitor, undergoing early clinical trials [37,38]. Our findings
suggest that while AZD0156 has minimal impact on CRC tumor
growth alone, it substantially enhances tumor radiosensitivity
in vitro and in vivo. Importantly, AZD0156 not only inhibits
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post-radiation tumor cell growth but also enhances anti-tumor
immunity, contributing to effective tumor suppression. Thus,
AZDO0156 holds potential as a tumor radiosensitizer. Moreover,
ATM mutations or deletions, which disrupt DNA damage repair,
lead to increased genetic instability and are associated with vari-
ous cancers [39]. Although ATM mutation frequency in CRC
patients stands at only about 9-15 % [40] (Supplementary
Fig. 71), combining ATM inhibitors with radiotherapy shows pro-
mise for improving clinical outcomes. Additionally, ATM inhibitors
like AZD0156 have demonstrated synergistic effects in preclinical
studies when combined with drugs such as olaparib, EGFR inhibi-
tors, and irinotecan, suggesting potential for combining ATM inhi-
bitors with cytotoxic therapies in anti-tumor strategies.
Furthermore, phosphorylated ATM could serve as a biomarker for
predicting radiotherapy efficacy and guiding the design of com-
bined treatments involving ATM inhibitors.

Elevated ROS levels, a hallmark of oxidative stress, contribute
significantly to radiation-induced cell death [6]. Cells from Ataxia
Telangiectasia (A-T) patients and ATM-deficient mice show height-
ened intracellular ROS levels and increased sensitivity to oxidative
stress [41]. However, the impact of ATM inhibition on ROS levels
after radiation remains unclear. Our research demonstrates that
inhibiting ATM activation increases ROS levels in tumors post-
radiation. Elevated ROS can damage the mitochondrial electron
transport chain and impair the mitochondrial antioxidant system,
leading to higher mitochondrial ROS levels. As the primary sites
of ROS production, damaged mitochondria generate more ROS, cre-
ating a self-perpetuating cycle. Additionally, we observed
increased autophagosomes in cells following radiation. Enhanced
autophagy reduces cell apoptosis, clears damaged mitochondria,
and decreases ROS accumulation, thereby maintaining redox bal-
ance [42]. Our results indicate that inhibiting radiation-induced
ATM activation disrupts the ROS balance controlled by the ATM/
CHK2/Beclin 1/autophagy pathway, consistent with findings by
Guo et al. [21]. Our studies show that post-radiation, ATM inhibi-
tors elevate mitochondrial ROS levels and cause mitochondrial
damage, leading to cytoplasmic leakage of mitochondrial DNA.

Beyond directly damaging tumor cells, radiation induces biolog-
ical effects that promote antitumor immune responses. It is well-
established that radiotherapy-induced micronuclei with compro-
mised membranes trigger cGAS recognition of micronuclear DNA,
activating the STING-type I IFN pathway [16]. Our research identi-
fies an additional pathway for immune recognition, where ATM
inhibition enhances mitochondrial damage post-radiation, pro-
moting the release of mitochondrial DNA into the cytoplasm and
activating the STING pathway. This provides new insights into
the relationship between tumor cell damage and the initiation of
innate immune recognition. Radiation plays a dual role in regulat-
ing the tumor immune microenvironment. While it fosters CD8+ T
cell infiltration and activation and antigen presentation [14], it also
triggers DDR signaling, upregulating PD-L1 expression in cancer
cells [43]. Radiation-induced PD-L1 upregulation hampers antitu-
mor immune activation. In prostate cancer cells, ATM activation
enhances paclitaxel-induced PD-L1 expression [44], and in glioma
cells, PD-L1 upregulation after radiation depends on ATM/ATR/
Chk1 activation [45]. However, the role of ATM in regulating PD-
L1 expression after radiation has not been well studied in CRC. In
our studies, the ATM inhibitor AZD0156 alleviated radiation-
induced PD-L1 upregulation in CRC cells. Through inhibitor screen-
ing to identify potential pathways regulating ATM-mediated PD-L1
expression, we found that radiation-induced upregulation of PD-L1
expression may be associated with the activation of the NFkB
pathway. Previous studies have suggested that under stress condi-
tions, a portion of activated ATM is exported from the nucleus to
the cytoplasm in a NEMO-dependent manner [28]. The phosphory-
lated ATM and SUMOylated NEMO can bind to each other, promot-



Y. Xie, Y. Liu, M. Lin et al.

ing NFkB activation [29]. Our study confirms that radiation pro-
motes the ATM-NEMO interaction, which can be blocked by
AZDO0156, indicating that this interaction is kinase activity-
dependent.

Overcoming the intrinsic resistance to immune checkpoint
blockade (ICI) in microsatellite stable (MSS) colorectal cancer
remains a significant clinical challenge [22]. To address this, strate-
gies combining radiotherapy and immunotherapy are actively
being explored. However, most studies on preoperative radiother-
apy combined with immunotherapy for locally advanced rectal
cancer show limited efficacy, with pathological complete response
(pCR) rates ranging from 20 % to 30 % [46]. Similarly, for advanced
metastatic colorectal cancer, the overall response rate (ORR) for
dual immune checkpoint inhibitors combined with radiotherapy
is suboptimal (8 %-15 %) [47]. Therefore, there is an urgent need
to explore novel combination strategies to enhance tumor sensitiv-
ity to ICL. Our study investigated the therapeutic effect of a “radio-
therapy combined with ATM inhibitor AZD0156 and anti-PD-L1”
triplet strategy. The results showed that this triplet therapy signif-
icantly promoted tumor regression and extended survival in the
mouse model.

Baseline tumor size is also a key prognostic factor affecting the
efficacy of ICI therapy in various cancers, with larger tumors often
correlating with poorer treatment outcomes [48,49]. In this study,
we developed a large tumor model to evaluate its response to the
triplet therapy. Remarkably, the triplet therapy achieved excellent
tumor control in the large tumor model, with 67 % of tumors show-
ing complete remission in the mouse model.

ATM inhibitors not only enhance radiation-induced tumor cell
death but also promote immune microenvironment activation trig-
gered by radiation. Additionally, they partially counteract the
immunosuppressive effects of PD-L1 upregulation. As a result,
combining radiotherapy with ATM inhibitors and PD-L1 blockade
represents a promising synergistic strategy for effective cancer
treatment.

Conclusion

In conclusion, our study emphasizes the importance of target-
ing radiation-induced ATM activation to enhance radiosensitivity
in colorectal cancer (CRC). Inhibition of ATM with AZDO0156
increases cell radiosensitivity, reduces tumor growth, and boosts
anti-tumor immunity. Mechanistically, ATM inhibition promotes
the accumulation of ROS and mitochondrial damage, activating
cytoplasmic mtDNA-induced STING type-I IFN signaling, which
leads to cell death and an immune-activating microenvironment
(Graphical Abstract). Additionally, AZD0156 inhibits NFkB activa-
tion, reducing radiation-induced PD-L1 upregulation and poten-
tially overcoming immunosuppressive barriers. These promising
preclinical results suggest that combining radiotherapy with ATM
inhibitors and immune checkpoint blockade may provide an effec-
tive strategy to improve CRC outcomes. This approach warrants
further clinical exploration to enhance therapeutic efficacy and
overcome resistance.
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